The development of the partial decussation pattern in the primate retina was studied in fetal rhesus monkeys of known gestational ages. Retinal ganglion cells with either crossed or uncrossed projections were identified by labeling with HRP following unilateral injections of this tracer into the optic tract. At all fetal ages, very few cells (less than 0.5% of the total ganglion cell population) were found to project to the inappropriate hemisphere.
The nasotemporal overlap zone, defined as the retinal region along the vertical meridian containing cells with either crossed or uncrossed projections, also appeared equivalent to that described for the adult animal. A temporal offset in the decussation pattern of large ganglion cells, similar to that of the mature retina, could be recognized as early as 50 d before birth. These results indicate that an adultlike retinal decussation pattern is evident in the fetal primate at a stage when projections from the 2 eyes are completely intermingled within retinorecipient nuclei, and prior to the onset of retinal ganglion cell loss. Moreover, the primate visual system exhibits a degree of precision in the specification of the nasotemporal division unrivaled among the mammalian species studied to date. The developmental specificity evident in the decussation pattern of the fetal rhesus monkey appears to reflect the specialized organization of this primate's retina for binocular focal vision.
Retinal decussation patterns form a key component ofthe neural mechanisms underlying binocular depth perception. A hallmark of the primate visual system is a strict nasotemporal division of retinal ganglion cells with crossed and uncrossed projections. All ganglion cells in the temporal hemiretina project to the ipsilateral hemisphere, whereas those in the nasal hemiretina project contralaterally. Along the vertical meridian, there is a limited overlap zone where cells with either crossed or uncrossed projections are intermixed (Stone et al., 1973; Bunt et al., 1977; Leventhal et al., 1988a; Fukuda et al., 1989) . In nonprimate mammals, on the other hand, crossed projections arise from the entire contralateral retina, so that ganglion cells (of certain classes) with either crossed or uncrossed projections are intermingled throughout the temporal hemiretina (Stone, 1966; Cooper and Pettigrew, 1979; Drager and Olson, 1980; Wbsle and Illing, 1980; Provis and Watson, 198 1; Pettigrew et al., 1984; Vitek et al., 1985; Wakakuwa et al., 1985; Reese and Cowey, 1987) .
How the partial decussation patterns of mammalian retinal ganglion cell projections are established is as yet poorly understood. Studies on rodents (Jeffery and Perry, 1982; Bunt et al., 1983; Martin et al., 1983; Insausti et al., 1984; Jeffery, 1984; Godement et al., 1987; Collelo and Guillery, 1990 ) and camivores (Jacobs et al., 1984; Morgan and Thompson, 1985; Lia et al., 1987a; Leventhal et al., 1988b) have demonstrated that, while an overall retinal decussation pattern can be recognized early in development, a substantial number of ganglion cells are located in the inappropriate hemiretinas. For instance, in the fetal rat, more than 40% of the ipsilaterally projecting retinal ganglion cells are distributed outside the temporal crescent, the region of the retina to which the uncrossed projection is confined at maturity (Jeffery, 1984) . In the developing cat (Lia et al., 1987a) and ferret (Morgan and Thompson, 1985) , approximately 12% of ganglion cells with uncrossed projections are located outside the temporal hemiretina. As development proceeds, these ectopic cells are normally eliminated by a wave of selective ganglion cell death (Fawcett et al., 1984; Insausti et al., 1984) .
In the present study, we examined the prenatal decussation pattern of retinal ganglion cell projections in the rhesus monkey (Mucuca mulatta). We were especially interested in determining whether the nasotemporal division of the primate retina is sculpted by selective ganglion cell death from a decussation pattern characteristic of nonprimate mammals or whether this unique feature of the primate visual system is inherent to the developing retina. If the former were the case, this would suggest that central mechanisms (e.g., axon-target interactions) play a key role in establishing the primate nasotemporal division. On the other hand, the latter outcome would indicate that the primate pattern is "imposed" by the retina upon the developing visual system.
Our findings unequivocally support the second alternative. Very few retinal ganglion cells were found to project to the inappropriate hemisphere at all gestational ages studied. A remarkably adultlike nasotemporal division of the retina is present in this primate even prior to the onset of the period of ganglion cell death.
Some of these results were reported previously in abstract form Injections. All surgical procedures were carried out in accordance with NIH guidelines. After anesthetic induction with ketamine (10 mg/kg), the pregnant animal was intubated and maintained at a surgical plane of anesthesia with halothane (l-2%) in a 30% oxygen, 70% nitrous oxide mixture. This anesthetic readily passes from the placenta to the fetus. Following uterotomy, the fetal head was exteriorized and kept moist with warm saline. In the youngest fetuses (E69 and E85), injections were made through the developing cranial bone with a sharp 22-gauge needle attached to a Hamilton microsyringe. In older fetuses, a partial craniotomy was required. The needle was marked for depth of penetration, and placement was guided by the ultrasonographic measurements. A total of 3-12 pl (depending on the age of the fetus) of 50°'a horseradish peroxidase in 2% dimethylsulfoxide was delivered in multiple small amounts at several depths, and at different anteroposterior levels, to ensure the involvement of the entire optic tract of one hemisphere. The head was then sutured and returned to the uterus, and all incisions were closed. Fetal viability was monitored by ultrasonography, and a postoperative analgesic, oxymorphone (0.15 mp/kg 3 times daily), was routinely administered.
Histology. Following a 24-hr period of retrograde transport of the tracer, the pregnant animal was reanesthetized as described above. The fetus was delivered by cesarean section, killed with barbiturate, and transcardially perfused with heparinized, buffered saline followed by fixative (1% paraformaldehyde, 3% glutaraldehyde). The eyes were removed immediately and immersed in buffered saline. Perfusion was then continued with 10% sucrose buffer. All solutions were adjusted to pH 7.4 with 0.1 M phosphate buffer. The brain was later removed, immersed overnight in 20% sucrose-buffer solution for cryoprotection, and subsequently sectioned frozen at 50 pm. Alternate sections were either stained with thionin for Nissl substance or reacted for peroxidase activity using diaminobenzidine as the chromogen (Adams, 198 1) . The anterior chamber of each eye was opened to remove the lens and vitreous body. Short orienting cuts were made in the retinal periphery along the nasal and temporal long posterior ciliary arteries. The retinas were then dissected free and reacted for peroxidase activity employing a metal-intensified pyrocatechol-phenylenediamine protocol (Hanker et al., 1977; Perry and Linden, 1982) modified to use 0.1 M cacodylate buffer (pH, 5.1) throughout. In order to flat-mount the retinas, further cuts were made directed towards the "posterior temporal bulge" (Streeten, 1969) , the site of the future fovea centralis. The retinas were then flattened onto a gelatinized slide under a polycarbonate membrane, filter paper, and weighted coverglass and fixed overnight with 2% glutaraldehyde in cacodylate buffer. The retinas were dehydrated in dimethylsulfoxide, cleared in glycerol, and coverslipped. Such processing causes minimal shrinkage of whole-mount tissue (Curcio et al., 1987: Packer Figure 1 . Frontal sections at level of LGN from fetus at E85. A, The geniculate nuclei are darkly stained for Nissl substance. One of the multiple needle tracks made during injection can be seen just medial to the left LGN at the base of the thalamus (arrow), interrupting the course of the optic tract. B, Adjacent section reacted for peroxidase activity. Although reaction product is evident across the midline, the effective uptake zone did not involve retinorecipient nuclei of the contralateral hemisphere (see text). Scale bar, 2.5 mm.
Materials and Methods
Four fetal rhesus monkeys (Mucucu mufuttu) were studied at embryonic (E) days E69, E85, El 15, and El29 (+2). Full gestation in the rhesus macaque lasts about 165 d. Description of the breeding protocol and the estimation of gestational age have been provided in a previous publication (Killackey and Chalupa, 1986) .
Ultrusonogruphy. To facilitate the accurate placement of fetal injections, ultrasonography was employed prior to in utero surgery. The pregnant animal was anesthetized with ketamine, and ultrasonographic measurements of the fetal brain were taken in the frontal, transverse, and sagittal planes to determine the position of the optic chiasm and the ventrolateral margins of the thalamus. Measurements were recorded on ultrasonographic images using a real-time mechanical sector-scanning device equipped with internal electronic calipers (Advanced Technologies Laboratories, Inc., MK600).
Data analysis. Both labeled and unlabeled cell profiles could be distinguished using differential interference contrast (DIG) microscopv. The sharp depth of field of DIC microscopy affords an optical section of tissue that is invaluable for counting in the presumptive fovea centralis region and in the developing fovea1 slope where cells are densely packed. Cells were considered labeled only if grains of reaction product were visible within the cell profile in one sharp plane of focus.
The distribution of labeled cells in each retina was assessed by counting cells within an ocular reticle (either 45 pm* or 174 pm*) at sampling sites distributed at least every 0.5 mm in a square grid array across the entire retinal surface. All counting was done according to Gundersen's rule (1977) . This corrects for the "edge effect" by treating 2 adjacent sides of the reticle as exclusion borders in a tessellated array of reticle spaces. Cell densities (cells/mm*) were calculated by proportionality [(counts/reticle area) x (number of reticle areas/mm*)] and plotted on a projection drawing of the whole-mount.
The hemiretinal median edge is defined as the nasotemporal border beyond which only scattered labeled cells are found (Stone, 1966; Stone et al., 1973) . This border was determined by inspection under low power and plotted upon the projection drawing of the whole-mount. Population estimates were then calculated from the labeled cell density distribution relative to the median edge in order to obtain both the orthotopic and ectopic cell populations.
To assess the sharpness of the nasotemporal border, sampling transects of both labeled and unlabeled cell density were taken at several eccentricities along the vertical meridian. Across a given transect, cell profiles were counted within adjacent ocular retitles (either 45 pm2 or 174 pm*) moving perpendicular to the nasotemporal division. In peripheral retina, an averaging function was applied across 5 adjacent counts to smooth the raw values in each transect. For soma size analyses, cell profiles were drawn at the widest soma diameter using DIC optics with a camera lucida (2200x) and subsequently traced on a digitizing tablet for measurement of soma area &m2). To analyze the distribution of soma sizes within the nasotemporal overlap zone, labeled cells were drawn within a corridor 2 mm across and 275 Nrn wide centered on a nascent fovea (+ 7.5 pm). All labeled profiles were drawn within the contralateral temporal and ipsilateral nasal sectors, while systematic sampling was used for the high-density ipsilateral temporal and contralateral nasal sectors. These sampled profiles were drawn at all depths of the ganglion cell layer in order to avoid bias due to the stratification of different retinal ganglion cell classes within central retina (Perry and Silveira, 1988) . To compare the soma sizes of ectopic ganglion cells with those projecting to the appropriate hemisphere, labeled cell profiles were drawn within a sector of temporal retina beyond 5 mm eccentricity. Contralateral to the injected optic tract, all ectopic cells within this sector were drawn, whereas a systematic sample of labeled profiles was drawn within an equivalent sector of the ipsilateral temporal hemiretina.
Results
The results are based on 4 fetal animals in which injections of HRP were placed successfully in the optic tract of one hemisphere, and in which there was no spread of tracer to the optic pathway of the contralateral hemisphere, as illustrated in Figure  1 . In this ES5 fetus, as in all the others, the dorsal lateral geniculate nuclei could be readily discerned in Nissl-stained sections (Fig. 1A) . The tracer was delivered into the optic tract along the ventrolateral thalamus. In alternate sections, not counterstained, reaction product was evident throughout the injected hemisphere, as well as in the medial thalamus of the contralatera1 hemisphere (Fig. 1B) . However, in all of the cases reported here, there was no uptake of tracer by ganglion cells projecting to the contralateral hemisphere. This was confirmed by the absence of retrogradely labeled neurons within the infragranular layers of the contralateral striate cortex, which also project to the lateral geniculate and superior colliculus on the same side.
Such injections resulted in robust labeling of ganglion cells in the entire contralateral nasal hemiretina and in the entire ipsilateral temporal hemiretina. This was clearly evident in wholemounted retinas even without magnification (Fig. 2) . In all cases, the boundary between the 2 hemiretinas was very sharp, as illustrated in the photomicrographs of Figure 3 . Quantitative analysis of labeled cell density confirmed this impression. As may be seen in Figure 4 , which depicts the distributions of labeled cell densities in the E85 retinas, very few cells were labeled in the inappropriate hemiretinas of the ipsilateral and the contralateral eyes. In all retinas, a clear central-to-peripheral gradient in ganglion cell density was evident so that even in the youngest retina (E69), the area centralis (future site of the fovea) could be recognized by its high density of labeled cells. The fovea centralis was discernable at E85 by a thinning of the ganglion cell layer; however, the fovea1 slope was still relatively shallow even in the El29 retina.
Decussation errors
To quantify the number of ectopic cells, we estimated the population of labeled neurons beyond the median edge of the appropriate hemiretinas (i.e., cells in the nasal hemiretina ipsilatera1 to the injection and cells in the contralateral temporal hemiretina). At every fetal age, the number of such cells in both retinas was miniscule relative to the total number of labeled cells. At E69, there were only 2600 such ectopic cells out of a labeled cell population of 841,000 (0.3 1%). At about midgestation (E85), these values were 6 100 out of 1,578,OOO (0.39%). The ectopic cell ratio was 4 100: 1,73 1,000 (0.24%) at El 15 and 2300: 1,17 1,000 (0.20%) at El 29. Thus, throughout the period of fetal development we have studied, no more than 0.5% of the ganglion cell population projects to the inappropriate hemisphere. Ganglion cells that project to the "wrong" hemisphere have even been noted in the adult macaque retina, but their CROSSED UNCROSSED Figure 3 . Photomicrographs of area centralis regions of 2 E85 whole-mounts shown in Figure 2 , presented in same orientation (nasal, medial; temporal, to the outside). Note the sharp demarcation of both the crossed and the uncrossed projections. Scale bar, 250 pm.
number remains to be quantified (Perry and Cowey, 1984; Y. Fukuda and M. Watanabe, personal communication) . As shown in Table 1 , the incidence of ectopic cells is not significantly greater in the contralateral temporal retina than in the ipsilateral nasal retina. These data indicate that the specialized primate retinal decussation pattern does not arise from a pattern resembling that of nonprimate mammals.
Nasotemporal overlap of crossed and uncrossed projections In the adult macaque retina, there is a "median strip of overlap" running along the vertical meridian in which ganglion cells projecting to either hemisphere are intermingled (Stone et al., 1973; Fukuda et al., 1989) . At maturity, this nasotemporal overlap zone is narrowest in the central retina, progressively increasing in width towards the lower and upper parts of the retina. This feature of the retinal decussation pattern can be delineated by assessing changes in labeled cell densities perpendicular to the vertical meridian at different eccentricities (cf. Illing and Wassle, 198 1) . As illustrated in the photomicrographs of Figure 5 , along the vertical meridian, there is a zone of transition across which labeled cell density declines from a maximum to a minimum.
The width of this transition zone was determined by plotting cell densities in adjacent reticules across sampling transects that were oriented perpendicular to the median edge. Each transect generated a sigmoid curve of labeled cell density as depicted in Figure 6 . The left arrowhead corresponds to the median edge of the labeled uncrossed projection. It is important to point out that the total cell density (labeled and unlabeled profiles) is relatively uniform across each transect, as shown in Figure 6 . Because a countervailing population of crossed cells must be present in order to maintain uniform total cell density, the right arrowhead represents the median edge of the crossed projection. Identical measures of the transition zone were obtained for the crossed projection. Thus, this zone of transition in labeled cell density along the vertical meridian represents the nasotemporal overlap zone. Figure 7 illustrates the widths of the overlap zone at 3 different eccentricities in the E 115 fetus. The slopes of the curves indicate that the overlap zone is narrower closer to the developing fovea centralis, widening at greater eccentricities. From a number of such transects (11-16 per retina), we determined the extent of the nasotemporal overlap zone and plotted this on projection drawings of the retinal whole-mounts. As shown in Figure 8 , the shape of the overlap zone is remarkably similar at E69 and E 115. At both ages, it is hourglass shaped, with the narrowest portion centered on the presumptive fovea centralis. Even a relatively subtle feature of the mature overlap zone, its greater width in the superior than inferior retina (Fukuda et al., 1989) , is already evident at E69. At these 2 fetal ages, the extent of the nasotemporal overlap zone is essentially identical at equivalent eccentricities, despite the substantial growth of the retina. Indeed, the overlap zone of the E69 retina matches precisely the central segment of the El 15 zone. This indicates minimal expansion of the central retina and differential growth of the retinal n Figure 4 . Labeled cell density at sampling points distributed across retinas of E85 fetus. Numbers represent density in labeled cells x lOVmm*. For claritv. onlv everv other ooint samnled is illustrated in this schematic. Lines demarcate the boundary between the labeled and unlabeled hemiretinas. C&es mark the optic disks. T, temporal; N, nasal.
periphery during fetal development (Lia et al., 1987b; .
Class-specific decussation pattern: temporal oflset of large cells
In the mature macaque retina, there is evidence, based largely on analysis of soma sizes, that different classes of ganglion cells are characterized by distinct nasotemporal overlap patterns. Large ganglion cells, presumably corresponding to the Pa or A class (Leventhal et al., 198 l) , are characterized by a decussation line that is offset temporal to the overall population of ganglion cells (Fukuda et al., 1989) . In our material, a distinct large cell population of labeled cells was evident by El 15. In particularly well-filled cells, the proximal dendritic morphology of these neurons clearly resembled that of PCX cells (Fig. 9) . As in the adult (Fukuda et al., 1989) , such cells were more abundant along the temporal median edge of the crossed projection population than along the nasal median edge of the uncrossed population. Figure 10A illustrates tracings of labeled cell profiles across the nasotemporal overlap zone centered on the nascent fovea of the E 115 retina. The figure is a composite of cells in the 2 retinas, so that the cells in the temporal sector are contralateral to the injected hemisphere (Fig. 10, CT) , whereas those in the nasal sector are ipsilateral (Fig. 10, UN) . By this age, the fovea1 pit is recognizable, providing a landmark for the proper alignment of the 2 retinas. A straight band of overlap about 175-200 pm wide passes through the developing fovea, offset somewhat nasal to the nascent fovea1 center. It may be seen that there is a dispersion of labeled cells in the temporal sector, extending about 400 pm from the vertical meridian. Importantly, profiles of these dispersed cells in the temporal sector appear to be larger than those of cells in the nasal sector.
This impression is verified by the soma size histograms shown in Figure 11 . While the distributions of soma sizes for the overall ganglion cell population are similar across the vertical meridian, the crossed temporal population contains a significant proportion of cells with soma areas greater than 125 pm*. Such large cells are absent from the uncrossed nasal population. A preponderance of large cells in the crossed temporal population and their paucity in the uncrossed nasal population is a characteristic of the overlap zone of the adult macaque retina (Fukuda et al., 1989) Large cells tended to be situated deep in the ganglion cell layer, as is the case for the Pa cells in the mature retina (Perry and Silveira, 1988) . Moreover, about half of the ganglion cells displaced to the inner nuclear layer were large cells. The nasotemporal overlap of the displaced ganglion cell population was coextensive with that of the large cell population of the ganglion cell layer (Fig. 10B) . Although a large cell population was not apparent at earlier ages, a temporal offset of the displaced ganglion cell decussation pattern was evident even at E85 (not illustrated).
Although the overlap zone of the large cells extended furthest into the temporal hemiretina, these neurons did not form an elevated proportion of the ectopic cells in the temporal hemi- retina. This is indicated by the soma size histograms depicted in Figure 12 , which compare labeled cell profiles in the peripheral temporal hemiretina contralateral to the injected optic tract (ectopic) to those in an equivalent ipsilateral sector (orthotopic).
As may be seen, the soma size distribution of the ectopic and orthotopic populations are not appreciably different. Thus, the temporal offset of the Pa cell overlap zone does not reflect a general tendency for PCI cells throughout the temporal hemiretina to project to the contralateral hemisphere.
Discussion
We have found a remarkable degree of precision in the partial retinal decussation pattern of the fetal rhesus monkey. As early as E69, nearly 100 d before birth, very few retinal ganglion cells project to the inappropriate hemisphere. The nasotemporal overlap zone also appears adultlike throughout the gestational period we studied. Furthermore, by El 15, when a class of large ganglion cells could first be recognized, the decussation pattern of these cells showed a clear temporal offset, similar to that observed at maturity. These results indicate that very little refinement occurs in the nasotemporal division of the developing primate retina. The formation of this fundamental feature of the primate visual system appears inherent to the developing retina.
Before discussing the findings, we will briefly consider some methodological factors that could have a bearing on the validity of our conclusions. The large unilateral injections we made into the fetal brain appeared to completely involve the optic tract, but in the youngest fetuses, they did not label all the ganglion cells projecting to the injected hemisphere.' This problem is common to developmental studies relying on retrograde tracing, I Comparing our labeled cell estimates to estimates of midorbital ganglion cell axon number (Rakic and Riley, 1983) , we have labeled only 30% ofthe population at E69, 60% at E85, and about 70% at E129. At El 15, we labeled virtually the entire ganglion cell population. retinal extent ( pm) Figure 7 . Transition in labeled cell density perpendicular to median edge at 3 eccentricities superior to nascent fovea of El 15 retina ipsilateral to injected optic tract. A, These curves have been aligned at the median edge (Oposifion). Note that peak density declines with increasing eccentricity, consistent with the overall gradient in ganglion cell topography. B, The same data shown in A normalized to maximum labeling density at each eccentricity. This compensates for the normal topographic gradient in ganglion cell density. Note that the distance between the median edge and the point of deflection from maximum labeled cell density, indicating the width of the nasotemporal overlap zone, increases with greater eccentricity. Temporal is to the right.
and it could be argued that our injections failed to label a number of ganglion cells that make chiasmatic errors. In decussation studies dealing with the prenatal cat visual system, we have found that, while the absolute number of ectopic cells can vary among animals of the same age from the same litter, variability is negligible when the error factor is expressed as a proportion of the total number of labeled cells (Lia et al., 1987a; B. Lia and L. M. Chalupa, unpublished observations Figure 8 . Nasotemporal overlap zone along vertical meridian at E69 and El 15, plotted from 11 and 16 sampling transects, respectively, such as shown in Figure 7 . Note that the hourglass shape of the overlap zone (stippled) is essentially equivalent at these 2 feral ages. Each retina is presented at the same scale. N, nasal; 7', temporal.
study. From the data of Rakic and Riley (1983) , it appears that the peak number of ganglion cells in the prenatal rhesus monkey is attained around E80. While some retinal ganglion cell axons may be eliminated during the time that the total number of axons in the optic nerve is increasing (e.g., Williams et al., 1986) , addition and attrition of optic fibers overlap only for a brief period before the peak number of axons is attained. Thus, it is unlikely that ectopic cells have been eliminated prior to the period we have studied. Nevertheless, it would be of interest to determine the proportion of cells making chiasmatic errors at a time when optic fibers first navigate the primordial optic chiasm. In the rhesus monkey, this occurs around E40 (Gribnau and Geijsberts, 1985) . It should also be noted that the present study assessed the development of the overall decussation pattern, and consequently, we cannot rule out the occurrence of relatively subtle class-specific developmental refinements, as has been documented in the postnatal cat (Leventhal et al., 1988b) . As men- Figure 9 . Photomicrograph of Pa cell at El 15. The field shown is situated in the temporal half of the nasotemporal overlap zone contralateral to the injected optic tract, about 2 mm, superior to the fovea centralis. Scale bar, 25 pm. tioned previously, a clear temporal offset of the large cells (presumed to be the Pa class) was observed at El 15, which suggests that, by this age, class-specific patterns are similar to those found at maturity. Whether this is also the case earlier in development cannot be determined at the present time.
Comparison of developing decussation patterns among mammals Retrograde tracing has been used to study the development of decussation patterns in several nonprimate mammalian species, including the rat (Jeffery and Perry, 1982; Bunt et al., 1983; Martin et al., 1983; Fawcett et al., 1984; Jeffery, 1984) , mouse (Godement et al., 1987; Collelo and Guillery, 1990) , hamster (Insausti et al., 1984; Thompson and Holt, 1989) rabbit (Robinson et al., 1990) , ferret (Morgan and Thompson, 1985) and cat (Lia et al., 1987a) . In all species, the vast majority of developing retinal ganglion cells have been found to project to the appropriate hemisphere, so that a retinal decussation pattern characteristic of the mature animal is recognizable very early in ontogeny. However, these studies have also noted that a certain proportion of developing ganglion cells make chiasmatic errors.
Previous developmental studies have commonly focused on decussation errors made by the ipsilaterally projecting population of ganglion cells. In all mammalian species, these neurons are confined at maturity (almost exclusively) to the temporal retina. In the newborn rat, Jeffery (1984) has estimated that about 40% of the ganglion cells projecting to the ipsilateral hemisphere are located outside the temporal crescent, a region to which these neurons are restricted in the adult animal. Similarly, Insausti et al. (1984) have noted that, in the developing hamster, about % of the ipsilaterally projecting neurons are in the inappropriate region of the retina. In developing carnivores, the proportion of cells making chiasmatic errors is substantially lower, with about 12% of the ipsilaterally projecting neurons being ectopic in the newborn ferret (Morgan and Thompson, 1985) and in the fetal cat (Lia et al., 1987a) . By contrast, the present study has revealed that, in the prenatal rhesus monkey, less than 1% of ipsilaterally projecting neurons are located in the inappropriate (nasal) hemiretina. Thus, there appears to be a trend for error magnitude to be inversely related to the degree of binocularity as judged by the size of the ipsilateral projection.
We are particularly struck by the difference in decussation errors between the fetal cat and monkey because identical pro- cedures were employed to study these 2 species in our laboratory. In the fetal cat, we have estimated the ectopic population for both the uncrossed and the crossed projections (Lia et al., 1987a; Lia and Chalupa, unpublished observations) . In terms of overall decussation error, about half as many ectopic cells are present in the developing rhesus monkey as in the fetal cat. This is despite the fact that the fetal rhesus monkey has nearly 5 times the total number of retinal ganglion cells at equivalent stages of development (Rakic and Riley, 1983; Williams et al., 1986) . While an adultlike retinal decussation pattern appears to be basically inherent to all species, our results indicate that the fetal rhesus monkey, a species with the most highly developed binocular vision, is characterized by an unrivaled degree of precision in the specification of the nasotemporal division of retinal ganglion cells with crossed and uncrossed projections.
Developmental implications
In the fetal macaque, the projections of the two eyes are completely intermingled in the lateral geniculate nucleus and the and Li a * Retinal Dacussation Pattern i n Fetal Rhesus Monkey superior colliculus as late as E78 (Rakic, 1976 (Rakic, , 1977 . We have found that the nasotemporal retina1 decussation pattern in the rhesus monkey is already adultlike at E69. This indicates that early widespread projections in this primate originate almost entirely from the appropriate hemiretina ofeach eye. In contrast, developmental studies of the rodent visual system have demonstrated previously that both the restriction of retina1 projections to specific domains in retinorecipient nuclei (Jeffery and Perry, 1982; Martin et al., 1983; Fawcett et al., 1984; Insausti et al., 1984; Jeffery, 1984; Godement et al., 1987; Thompson and Halt, 1989 ) and the establishment of retinotopic mapping (Insausti et al., 1985; O'Leary et al., 1985; Simon and O'Leary, 1990) are associated with the death of ganglion cells situated in inappropriate regions of the retina. As was first shown in the chick (Rager and Rager, 1976) in the rhesus monkey (Rakic and Riley, 1983) , and in all other mammalian species studied to date, there is a massive overproduction and elimination of retina1 ganglion cells (reviewed by Dreher and Robinson, 1988; Finlay and Pallas, 1989) . Our results indicate that ganglion cell death plays only a very minor role in establishing the primate decussation pattern because an adultlike retina1 decussation pattern is present in the rhesus monkey at E69, about 11 d before there is any evidence for the loss of optic fibers (Rakic and Riley, 1983) .
The developmental mechanisms responsible for the guidance of ingrowing axons through the optic chiasm are unknown. It is commonly assumed that this involves the specification of nasotemporal positional information in newborn ganglion cells and the subsequent recognition by the axons of these neurons of some sort of laterality signal expressed at the optic chiasm. Other factors, such as fiber interactions, mechanical guidance, and the time of axon ingrowth, may also contribute to this process (Walsh et al., 1983; Silver, 1984; Godement et al., 1987) . These guidance mechanisms are probably the same in all mammals, so most likely, the precision evident in the developing nasotemporal decussation pattern of the rhesus macaque reflects the specialized organization of this primate's retina and its projections.
The macaque retina is dominated by a single class of ganglion cells, with about 80% P@ neurons that project exclusively to the dorsal lateral geniculate nucleus (Leventhal et al., 198 1; Perry et al., 1984) . In all species, a class of ganglion cells specialized for the retinogeniculate pathway may be more highly specified in terms of laterality than the cell classes that innervate other retinorecipient targets. If this were the case, one would expect that there would be significant differences in the magnitude of chiasmatic errors exhibited by different classes of ganglion cells. Results of studies on the retina1 decussation pattern of postnatal cats indicate that p cells make fewer and less extensive chiasmatic errors than other ganglion cell classes (Murakami et al., 1982; Jacobs et al., 1984; Leventhal et al., 1988b) . The fi cells of the cat (Walsh et al., 1983; Walsh and Polley, 1985) are the first ganglion cells to be generated, and at maturity, this cell class is distinguished by a very sharp nasotemporal decussation pattern. This implies that laterality information may be more highly specified very early in retina1 development, at a time when the class of cells providing the main input to the dorsal lateral geniculate nucleus is being generated. There is evidence that this may also be the case in the developing mouse visual system (Drager, 1985) . Thus, in nonprimate species, developmental decussation errors could disproportionally reflect ectopic cells of the later-generated classes that project to extrageniculate targets. Given the predominance of the retinogeniculate pathway in the rhesus monkey, this could account for the developmental specificity observed in the overall decussation pattern. In this regard, it would be of interest to examine the developing retinocollicular decussation pattern of this primate, which is comprised solely of non-P/3 cells at maturity (Perry and Cowey, 1984) .
The primate retina is also distinguished from that of other mammals in that, outside the relatively narrow nasotemporal overlap zone, ganglion cells in the temporal hemiretina project exclusively to the ipsilateral hemisphere. The present study demonstrates that this specialized feature of the primate retina is present very early in development. This suggests that positional markers could completely specify the laterality of primate retina1 ganglion cell projections. In nonprimates, neighboring cells in the temporal hemiretina are required to innervate different hemispheres. Even if retina1 cells with crossed and uncrossed projections are initially regionally segregated, as suggested by Drager's (1985) observations on the mouse, at some later stage, the interspersion of neurons with crossed and uncrossed projections presents a formidable challenge to the establishment of decussation patterns based upon retina1 positional markers. Consequently, one might expect more decussation errors when neighboring ganglion cells are required to form connections with target nuclei in different hemispheres.
Relation to development of striate cortex callosal connections Recently, a remarkable degree of developmental specificity has been found in the callosal connections of the rhesus monkey striate cortex (Dehay et al., 1988; . In comparison to other cortical areas of the rhesus monkey (Killackey and Chalupa, 1986; Dehay et al., 1988; , and the striate cortex of nonprimates (e.g., Innocenti et al., 1977; Chow et al., 1981; Olavarria and Van Sluyters, 1984) , the distribution of callosal projection neurons in the striate cortex of the fetal rhesus monkey appears to be adultlike throughout fetal development. Thus, 2 aspects of neural organization closely related to binocular vision, the nasotemporal decussation pattern and the callosal connections of area 17, appear to be established in the rhesus monkey with minima1 reliance on the regressive events that refine the early exuberant connections of other components of the developing visual system.
Because geniculocortical projections appear to be highly ordered topographically in the fetal rhesus monkey even before their invasion of the cortex ), the precise nasotemporal decussation pattern observed in the developing retina could confer upon the striate cortex the specificity displayed by callosal projection neurons. This is in line with the finding that genetically induced aberrations in the nasotemporal decussation pattern are accompanied by corresponding alterations in callosal connections of the visual cortex (Shatz, 1977) . There is also evidence that peripheral manipulations can alter the pattern of callosal connections (Innocenti and Frost, 1979; Rhoades and Dellacroce, 1980; Cusick and Lund, 1982; Olavarria and Van Sluyters, 1984) . The recent demonstration that removal of the eyes in the fetal rhesus monkey does not alter the callosal connectivity pattern of the striate cortex (Dehay et al., 1989) does not necessarily vitiate this idea. The enucleations were performed after the innervation of the subplate by geniculocortical fibers (Rakic, 1977 (Rakic, , 1979 . Conceivably, the developmental specificity exhibited by the nasotemporal division of the primate retina could prove to be a key factor limiting the exuberance of callosal connections in the striate cortex.
